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Summary
Stretch induces lung embryonic mesenchymal cells
to follow a myogenic pathway. Using this system we
identified a set of stretch-responsive factors, which
we referred to as TIPs (tension-induced/inhibited pro-
teins). TIPs displayed signature motifs characteristic
of nuclear receptor coregulators and chromatin remod-
eling enzymes. A genomic BLAST search suggested
that the three TIPs identified were isoforms originated
by alternative splicing from a single gene. Functional
studies revealed that TIP-1 and TIP-3 were involved in
the cell’s selection of the myogenic or the adipogenic
pathway. TIP-1, induced by stretch, promoted myo-
genesis, while TIP-3, inhibited by stretch, stimulated
adipogenesis. The selection involved TIP-mediated
chromatin remodeling via a histone acetylation pro-
cess and depended on TIP-1 and TIP-3 nuclear recep-
tor binding boxes (NRBs). This study, therefore, sug-
gests a new developmental mechanism linking the
presence or absence of tension with divergent differ-
entiation pathways.
Introduction
Smooth muscle (SM) develops exclusively at sites that
sustain mechanical tension, such as hollow viscera and
vasculature. From early organogenesis and onward,
tension is elicited by hydrostatic pressure, shear stress,
intrauterine breathing movements, and peristalsis or a
combination of these factors. Considering that embry-
onic mesenchymal cells are multipotential in their ca-
pacity to differentiate (Sordella et al., 2003), the obser-
vation that SM cells are found only at sites of tension
suggests that mechanical forces are essential for SM
lineage determination.
In a previous study we sought to test such a possi-
bility, and, indeed, we found that static stretch is suffi-
cient to induce lung undifferentiated embryonic mes-
enchymal cells to follow a myogenic pathway (Yang et
al., 2000). Furthermore, we demonstrated that the peri-
bronchial mechanical tension generated by intrabronchial
hydrostatic pressure, normally exerted by the lung fluid,
was required for bronchial muscle development (Yang
et al., 2000). It is noteworthy that embryonic mesenchy-
mal cells from gut and kidney did not respond to*Correspondence: lschuger@med.wayne.edu
2 Current address: Shenzhen Chipscreen Bioscience Ltd., Guang-
dong, Chinastretch, suggesting a greater sensitivity of lung mes-
enchyme to myogenic induction by stretch. Although
mesenchymal cells derived from vasculature or heart
were not included in our study, it has been shown that
shear forces generated through blood flow play an
essential role in cardiogenesis (Hove et al., 2003). Con-
trarily, the lack of tension due to cell rounding induces
mesenchymal stem cells to follow an adipogenic path-
way by a mechanism involving RhoA (McBeath et al.,
2004).
In this paper, we report the cloning of a new set of
proteins designated as tension-induced/inhibited pro-
teins (TIPs) and enumerated 1 to 3. TIPs have motifs
characteristic of nuclear receptor coregulators (Heery
et al., 1997) and chromatin remodeling factors with his-
tone acetyltransferase (HAT), histone deacetylase (HDAC)
(Boyer et al., 2002), or methyltransferase activity (Ban-
nister et al., 2002). TIP-1 and TIP-3, but not TIP-2, are
expressed in embryonic lung mesenchymal cells, which
were selected for these studies on the basis of their
high sensitivity to stretch (Yang et al., 2000). We found
that TIP-1 is induced by stretch and stimulates myo-
genesis, whereas TIP-3 stimulates adipogenesis and is
suppressed by stretch. In addition, we demonstrate
that TIP-1 and TIP-3 immunoprecipitates have HAT ac-
tivity and remodel chromatin at critical myogenic and
adipogenic promoters, a feature characteristic of gene
activation (Marmorstein and Roth, 2001). Finally, we
show that lineage specificity depends on TIP-1 and
TIP-3 nuclear receptor binding motifs, also referred to
as nuclear receptor binding boxes (NRBs). This study
therefore suggests a developmental mechanism whereby
tension or the lack of it determines cell differentiation.
Since the mature lung has SM cells and lipofi-
broblasts and since the latter can change to myofi-
broblasts during repair and fibrosis, the role of TIP-1
and TIP-3 may extend not only to development but also
to disease.
Results and Discussion
In this study, we searched for stretch-responsive genes
that might play a role in the cell commitment to the
myogenic fate. We used suppressive subtraction hybrid-
ization (SSH) and focused on embryonic mesenchymal
cells from the mouse lung, due to their particular
susceptibility to tension-induced myogenic differentia-
tion (Yang et al., 2000). This screening identified 32
clones to be differentially expressed in embryonic mes-
enchymal cells undergoing SM myogenesis (Liu et al.,
2001). Among these 32 clones, only one EST sequence
(AF192966) representing the TIP-1 protein, later cloned,
was found to change expression upon stretching. An
additional isoform was cloned while trying to amplify
the full-length cDNA of this initial protein, and a third
isoform was cloned by other investigators during analy-
sis of over 15,000 full-length human and mouse cDNA
clones (BC004636). On the basis of their response to
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40stretch, the three isoforms identified were designated t
ras TIPs, for tension-induced/inhibited proteins, and re-
ferred to as TIP-1, TIP-2, and TIP-3, with a predicted Mr d
wof 24, 28.5, and 41 kDa, respectively. A NCBI Genomic
BLAST search in the GenBank suggested that TIPs a
twere originated by alternative splicing from a single
gene located on mouse chromosome 2q22–23. The hu- 2
cman ortholog was also localized on chromosome
2q31.1 (AK024046). The physical map of the three iso- A
fforms showed that TIP-1 consists of 8 exons; TIP-2, of
11 exons; and TIP-3, of 10 exons spanning over 90 Kb r
S(Figure 1A).
TIP-1 and TIP-3 harbor the α-helical LXXLL signature m
Nmotif (also referred to as nuclear receptor box [NRB])
characteristic of nuclear receptor coactivators (Heery t
tet al., 1997; Torchia et al., 1997) and of some corepres-
sors (Kumar et al., 2002) (Figure 1B). The NRB binds t
the coactivator or corepressor to nuclear hormone re-
ceptors such as peroxisome proliferator-activated re- s
bceptor γ (PPARγ), which also serves as the main adipo-
genic transcription factor (Ge et al., 2002). In addition, (
mthe NRB binds to several transcription factors that are
not nuclear hormone receptors, including serum re- P
tsponse factor (SRF) (Kim et al., 1998), a main determi-
nant of SM-specific gene expression (Belaguli et al., a
1997).
All three TIPs have a SANT (SWI3, ADA2, N-CoR and f
nTFIIIB) domain at the N terminus that is characterized
by the presence of conserved hydrophobic and aro- i
pmatic residues in each of three α helices arranged inFigure 1. Primary Structure of the Three Murine TIP Isoforms and Alignment of the Deduced Amino Acid Sequences with Highlighted Domains
(A) Schematic map of the mouse tip gene structure. Coding (black) and noncoding (green) exons are shown as vertical boxes. The initiation
codon (ATG) is also shown. A 10 kb scale is included below the map.
(B) Alignment of the deduced amino acid sequence of the three TIPs. Residues identical among the three proteins are shown in red, those
identical between any two proteins are highlighted in blue, and nonidentical residues are shown in black. The exon boundaries are indicated
by a reversed ^ symbol. The SANT motif is indicated by an open box above the amino acid sequence; SAM binding motifs are shown in a
box; LXXLL motifs, also referred to as the nuclear receptor binding box (NRB), are boxed in a dashed line. Horizontal double arrows indicate
α helices, and the underlined sequence is the NLS. The synthetic peptide used for custom antibody production is marked by a striped box
above the amino acid sequence. The amino acid sequences representing PCR primers for TIP-1, TIP-2, and TIP-3 are shaded gray.andem (Figure 1B). A BLASTP search showed that this
egion is 23% identical and 44% similar to the SANT
omains of both mouse and human N-CoR1. Proteins
ith SANT domains participate in histone modification
nd chromatin remodeling, playing an important role in
ranscriptional regulation (Boyer et al., 2002; Yu et al.,
003). SANT domains are found in several nuclear re-
eptor coactivators and corepressors. In coactivator
da2, the SANT domain has a transcriptional activation
unction, as it enhances HAT activity during chromatin
emodeling (Boyer et al., 2002; Grant et al., 1997;
terner et al., 2002), whereas the N-terminal SANT do-
ain in corepressors CoREST (You et al., 2001) and
-CoR (Guenther et al., 2001; Zhang et al., 2002) and
he two SANT domains in SMRT corepressor are essen-
ial for HDAC3 activity, thereby promoting transcrip-
ional repression (Yu et al., 2003).
TIP-2 and TIP-3 have the highly conserved D/ExGxGxG
ignature motif found in S-adenosyl-L-methionine (SAM)
inding proteins such as histone methyltransferases
Bannister et al., 2002; Min et al., 2003) (Figure 1B). A
utation in the SAM binding site of PRMT1 and
RMT4/CARM1, coactivator-associated arginine methyl-
ransferases, abrogates their methyltransferase and co-
ctivator activities (Chen et al., 1999; Wang et al., 2001).
Our studies showed that TIP-1 was absent in undif-
erentiated lung embryonic mesenchymal cells (desig-
ated as progenitors in corresponding figures), but was
nduced by stretch (Figures 2A and 2D). TIP-3 was ex-
ressed in progenitor cells, where it was not suppressed
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41Figure 2. TIP-1 and TIP-3 in Undifferentiated Embryonic Mesenchymal Cell Progenitors and Differentiating SM Myoblasts and their Response
to Stretch and Intracellular Localization
(A) RT-PCR showing that undifferentiated embryonic progenitor cells do not express TIP-1 mRNA, but TIP-1 is induced upon stretch, whether
cyclic or static. SM myoblasts do express TIP-1, which is upregulated by stretch.
(B) RT-PCR showing that undifferentiated embryonic progenitor cells express the TIP-3 message. At this stage, TIP-3 expression is not
affected by stretch. SM myoblasts express less TIP-3 mRNA and it is suppressed by stretch.
(C) Immunoblot showing TIP-1 (26 kDa) and TIP-3 (41 kDa) in SM myoblasts.
(D) Immunoprecipitation followed by immunoblot demonstrates that TIP-1 and TIP-3 are induced and suppressed, respectively, by stretch at
the protein level (left panel), even upon treatment with cycloheximide (right panel). The control represents the same cells transfected with
either TIP-1 or TIP-3.
(E) Immunohistochemical studies using an Ab against TIP-1 and TIP-3 (that cannot discern between the two) demonstrates primarily cytoplas-
mic, pancellular (both nucleus and cytoplasm), or nuclear immunoreactivity in the same culture at the same time. Scale bar, 25 m.
(F) Transient transfections with GFP-tagged TIP-1 and TIP-3 cDNA plasmid constructs indicate that TIP-1 and TIP-3 can be found in the
cytoplasm or in the nucleus of SM myoblasts. Scale bar, 25 m.
(G) Histogram demonstrating the effect of stretch in TIP-1/TIP-3 intracellular localization in SM myoblasts, as shown by immunohistochem-
istry. Notice that, as presented in (B) and (C), stretch suppresses TIP-3 expression; therefore, the increment in nuclear immunoreactivity seen
upon stretch represents only TIP-1. Error bars represent the standard deviation (SD).by stretch (Figure 2B). It is noteworthy that TIP-3 alone
became stretch-sensitive in SM myoblasts (Figures 2B
and 2D) and its expression gradually disappeared along
with myogenic differentiation (data not shown). We
treated the cells with cycloheximide and found no
change in the pattern of expression, suggesting thatthese proteins are involved in early responses to stretch
(Figure 2D). TIP-2, which was identified in the BLAST
database (BC004636), was absent in the embryonic
lung, but was induced in NIH 3T3 cells by stretch (data
not shown).
Immunohistochemical studies using an Ab against
Developmental Cell
42endogenous TIP-1/TIP-3, along with expression of TIP-1 b
sand TIP-3-GFP fusion proteins indicated that these two
TIPs can be found enriched either in the nucleus or the t
rcytoplasm or concomitantly in both compartments
(pancellular) (Figures 2E and 2F). This is consistent with i
Tthe presence of a nuclear localization signal (NLS)
found in all three TIP isoforms (Figure 1B). Immunohis- m
mtochemical studies performed on SM myoblasts with
and without stretch indicated that TIP-1 localizes to the t
gnucleus upon stretch (Figure 2G). It should be stressed
that the nuclear immunoreactivity represented TIP-1 c
texclusively, since stretch always suppressed TIP-3 ex-
pression in these cells (Figures 2B and 2D). p
mReal time PCR studies on progenitor cells demon-
strated that, in addition to inducing myogenesis (as 2
mpreviously reported) (Yang et al., 2000), mechanical ten-
sion concomitantly inhibits adipogenic gene expression o
Sin the same cells (Figure 3A). Since TIP-1 and TIP-3 were
respectively induced and suppressed by mechanical d
otension, we investigated their role in cell lineage deter-
mination. We found that TIP-1 overexpression in lung w
tprogenitor cells stimulated SM-specific gene expres-
sion and suppressed adipogenic gene expression (Fig- n
gure 3B). In contrast, TIP-3 was a powerful stimulator of
adipogenesis (Figure 3C) with no change in the baseline i
alevels of myogenic mRNA compared to non-stretched,
nontransfected controls (Figure 3C). Transcription of a
progenitor cells with TIP-2 did not induce adipogenesis
or myogenesis (Figure 3D). In this regard, it should be i
ynoticed that TIP-2 does not have a NRB (Figure 1B).
RNA interference studies confirmed the transfection p
wresults (Figure 4) and indicated that SM myoblasts (Fig-
ure 4C, upper panel) can be transformed into lipoblasts s
s(Figure 4C, middle panel) by suppressing TIP-1 in the
presence of TIP-3. The same cells lost markers of both a
imyogenic and adipogenic differentiation when both
TIP-1 and TIP-3 were inhibited by a siRNA probe plus p
Hstretch (Figure 4C, lower panel). The role of TIP-1 and
TIP-3 was further confirmed by transiently transfecting t
Tthese TIP-1/TIP-3-minus cells with TIP-1, which re-
sulted in expression of SM myosin and of TIP-3, which s
gin turn resulted in expression of PPARγ (data not
shown). u
oTo begin to understand the functional mechanism of
TIPs at the molecular level, we studied the role of their n
tSANT and SAM binding domains which are found in
chromatin remodeling/interacting proteins (Bannister et a
nal., 2002; Boyer et al., 2002). The ChIP assay was used
to determine whether endogenous TIP-1 and TIP-3 a
twere recruited by myogenic or adipogenic-specific pro-
moters in vivo. For these experiments, progenitor cells T
e(which express only TIP-3) and SM myoblasts sub-
jected to stretch (which express only TIP-1) were cho- d
Tsen. In these cells, cross-linked DNA fragments pro-
duced by sonication were immunoprecipitated with A
aTIP-1/TIP-3 Ab. The genomic DNA fragments bound to
the Ab were analyzed by PCR with primers spanning m
3the region in the PPARγ2 promoter required for adipo-
genic-restricted activity (Zhu et al., 1995), the 310 bp u
nof the SRF promoter region necessary for myogenic-
restricted activity (Belaguli et al., 1997), and the estro- a
gen response element (ERE) region in the pS2 gene as
negative control. TIP-1 was observed to be recruited hy the SRF promoter upon mechanical tension, thereby
ignaling expression of SRF (Figure 5A). On the con-
rary, in the absence of mechanical tension, TIP-3 was
ecruited by the PPARγ2 promoter (Figure 5A). The ERE
n the pS2 gene was not amplified (data not shown).
IP-1 and TIP-3 did not exhibit DNA binding to the pro-
oter regions of SRF and PPARγ2 in an electrophoretic
obility shift assay (data not shown). This suggests
hat the mechanism of TIP-1/TIP-3 activation of myo-
enic/adipogenic gene-specific promoters involves re-
ruitment of nuclear receptors and/or transcription fac-
ors and not direct binding of TIP-1/TIP-3 to gene
romoters. This is consistent with what we know of
ost coactivators and corepressors (Robyr et al.,
000). The PCR analysis of TIP-1/TIP-3 chromatin im-
unoprecipitates did not amplify the promoter regions
f myogenic and adipogenic structural genes, such as
M α-actin or adipsin (data not shown). We could not
etermine TIP-1 recruitment to the promoter regions of
ther myogenic activation factors, such as myocardin,
hich associates with SRF (Wang et al., 2004), because
he regions required for SM-restricted expression have
ot been elucidated. In the case of PPARγ and adipo-
enesis, this transcription factor alone is sufficient to
nitiate adipogenesis (Tontonoz et al., 1994); therefore,
search for other transcription factors was of second-
ry importance.
Targeted acetylation of histones, mainly H3 and H4,
s a characteristic of transcriptional activity at the acet-
lation site (Cheung et al., 2000). To test whether the
romoter regions amplified in the previous experiments
ere transcriptionally active, we performed ChIP analy-
is using antiacetylated histone H4 Ab. Our studies
howed that there is indeed acetylation of histone H4
ssociated with the promoter region of SRF when TIP-1
s present and with the PPARγ2 promoter when TIP-3 is
resent (Figure 5A). We next sought to determine in a
AT assay whether TIP-1 and TIP-3 immunoprecipi-
ates have the ability to acetylate histones H3 and H4.
IPs were immunoprecipitated with TIP-1/TIP-3 Ab from
tretched SM myoblasts (containing only TIP-1) or pro-
enitor cells (containing only TIP-3). Anti-myc Ab was
sed to immunoprecipitate the equally expressed ex-
genous myc-tagged TIP-1 and TIP-3, but not endoge-
ous TIPs (Figure 5B). We found that immunoprecipi-
ates containing endogenous and overexpressed TIP-1
nd TIP-3 had significant HAT activity compared to
egative controls (Figure 5B). The p300/CBP-associ-
ted factor (PCAF) protein was used as a positive con-
rol and Tris-buffered saline (TBS) as a negative control.
he TIPs also acetylated histone H3, but to a lesser
xtent (data not shown). To confirm the role of the SANT
omain in histone modification, SANT constructs of
IP-1 and TIP-3 were tested for HAT activity. Anti-myc
b was used to immunoprecipitate the TIP-1SANT
nd TIP-3SANT proteins after overexpression of the
yc-tagged SANT constructs. TIP-1SANT and TIP-
SANT did not have any significant HAT activity (Fig-
re 5B). These results showed that the SANT motif is
ecessary for TIP immunoprecipitates to exhibit HAT
ctivity.
We next tested whether deletion of the SANT domain
ad an effect on the activation of endogenous SRF and
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43Figure 3. Real-time PCR Showing the Effect
of Stretch and TIP-1 and TIP-3 on the Selec-
tion of Myogenesis or Adipogenesis by Un-
differentiated Embryonic Mesenchymal Cell
Progenitors
(A) As previously demonstrated (Yang et al.,
2000), cells respond to 2 hr of uniaxial stretch-
ing by upregulating SM gene expression.
Upon stretching, the cells suppress adipo-
genic gene expression. (B) TIP-1 transfection
has the same effect as stretch, namely, it
stimulates myogenic and suppresses adipo-
genic gene expression. (C) TIP-3 transfection
stimulates adipogenic gene expression, with
no change in the baseline levels of myogenic
mRNA (meaning unstretched, untransfected
controls). (D) TIP-2 transfection does not
change the baseline levels of myogenic or
adipogenic markers. Error bars represent the
standard deviation.PPARγ2 promoters. We anticipated that, in the absence
of SANT-mediated HAT activity, these promoters would
be transcriptionally silent due to lack of chromatin re-
modeling. To this end, we performed ChIP assays in
cells transfected with myc-tagged TIP-1, TIP-3, TIP-
1SANT, and TIP-3SANT constructs. We found that
myc-tagged TIP-1 is targeted to the SRF promoter and
myc-tagged TIP-3, to the PPARγ2 promoter (Figure 5C,
upper panel). On the contrary, neither the SRF nor the
PPARγ2 promoter regions were amplified from anti-myc
chromatin immunoprecipitates derived from cells over-
expressing SANT mutants (Figure 5C, lower panel).
To determine the role of the SAM binding motif, which
is involved in histone methylation (Bannister et al.,
2002; Min et al., 2003) and is present only in TIP-3, wetested the ability of TIP-3 to bind the methyl donor SAM
for methyltransfer reaction by a filter binding assay
(Segal and Eichler, 1989). We were unable to detect
any SAM binding methyltransferase activity (data not
shown).
Since the SANT domains of TIP-1 and TIP-3 are iden-
tical, these cannot explain the different functions of the
two isoforms. We therefore focused on the NRB, which
varied between TIP-1 and TIP-3. To this end, we either
deleted the NRB or swapped an extended NRB that
included one amino acid at each site of the box. Ex-
tended NRBs have been shown to be functionally more
active than the NRB alone (Coulthard et al., 2003; Wu
et al., 2003). We found that deletion of the NRB resulted
in no recruitment of TIP-1 and TIP-3 to respective SRF
Developmental Cell
44Figure 4. Effect of TIP-1 and TIP-3 Silencing
on Myogenic versus Adipogenic Differentia-
tion of Embryonic Mesenchymal Cells
(A) siRNA was used to silence TIP-1 and TIP-3.
No effective probe was found to selectively
and completely suppress TIP-3.
(B) Western blots showing a decrease in
myogenic gene expression (SRF and MEF-
2A) upon TIP-1 suppression by siRNA729
and a decrease in adipogenic gene expres-
sion (PPARγ and C/EBPα) by reducing TIP-3
(siRNA425). Ponseau S staining of the mem-
brane probed with anti-MEF-2 Ab and re-
probed with anti-PPARγ Ab shows equal
loading.
(C) The effect of suppressing TIP-1 alone
(middle panels) or both TIP-1 and TIP-3
(lower panels) on the cell’s selection be-
tween the myogenic or adipogenic fate. (No-
tably, stretch was used to completely elimi-
nate TIP-3 expression in the lower panels).
In the presence of TIP-1 and TIP-3 (upper
panels), after 18 hr in culture the cells un-
derwent spread-induced myogenesis, as ex-
pected (Schuger et al., 1998). Myogenic dif-
ferentiation is demonstrated by the presence
of desmin and SM α−actin (brown, peroxi-
dase staining). If TIP-1 is suppressed and
TIP-3 levels are unchanged (middle panel),
the cells undergo lipoblastic differentiation,
as indicated by their round, enlarged shape
and the presence of abundant oil droplets,
stained red/orange with oil red O. Lack of
myogenic differentiation is evidenced by the
absence of immunoreactivity for desmin and
SM α-actin. Lack of both TIP-1 and TIP-3
(lower panel) produced a fibroblast-like phe-
notype. Immunoblots (shown at the left of
each panel) show changes in TIP-1 and TIP-3
levels. Scale bar, 25 m in the larger panels
and 70 m in the smaller panels.or PPARγ promoters (Figure 6A). Swapping the ex- a
etended NRB of TIP-1 with that of TIP-3 (Figure 6B) di-
rected TIP-1 to the PPARγ promoter (Figure 6C), t
cwhereas swapping the extended NRB of TIP-3 with that
of TIP-1 (Figure 6B) resulted in no recruitment to either 1
lpromoter (Figure 6C). RT-PCR showed that cells trans-
fected with TIP-1 with the swapped TIP-3 NRB motif p
2(Figure 6B) expressed increased levels of the PPARγ
message (Figure 6D), whereas TIP-3 with the swapped a
ITIP-1 motif (Figure 6B) showed no change in the levels
of PPARγ and SM α−actin message (Figure 6D). This d
nsuggested that the TIP-3 NRB is involved in determin-
ing adipogenesis, while the TIP-1 NRB seems to be m
hinvolved in determining myogenesis in the context of
TIP-1, but renders TIP-3 inactive. G
rCollectively, our biochemical results demonstrated
that TIP-1 and TIP-3 induce HAT activity by a process n
minvolving their SANT domains and they confer lineage
specificity, at least in part, through their NRBs. These
findings, along with the other studies presented here, E
provide novel insight into why muscle develops at sites
Cthat sustain mechanical forces and adipose tissue de-
Cvelops where tension is absent.
a
The primordial lung mesenchyme is the origin for d
bronchial and interstitial SM cells (the latter also known c
pas myofibroblasts) (Schmitt-Graff et al., 1994), and itlso gives rise to interstitial lipofibroblasts (Maksvytis
t al., 1981). Lipofibroblasts seem to be regulated by
he same transcriptional program that regulates adipo-
yte differentiation (Chen et al., 1998; Tontonoz et al.,
994), but lipofibroblasts accumulate significantly less
ipids compared to adipocytes. Lipofibroblasts are also
resent in other organs such as liver (Miyahara et al.,
000) and pancreas (Schneider et al., 2001) and serve
s a reservoir for retinoic acid (McGowan et al., 1995).
n the lung they also supply lipids for surfactant pro-
uction (McGowan et al., 1997). Noteworthily, the phe-
otype of a lipofibroblast can be changed to that of a
yofibroblast in conditions of fibrosis and repair (Blom-
off and Wake, 1991; Miyahara et al., 2000; Schmitt-
raff et al., 1994; Schneider et al., 2001). Therefore, the
ole of TIP-1 and TIP-3 in cell fate determination might
ot be exclusive to the lung nor be confined to develop-
ent, as these proteins could play a role in disease.
xperimental Procedures
onstruction of Libraries and a Subtracted Probe
D-1 (ICR) BR mice (Charles River, Wilmington, MA) were mated,
nd the day that a vaginal plug was identified was designated as
ay 0 of embryonic development. Undifferentiated mesenchymal
ells were isolated by differential plating from E11 mouse lungs, as
reviously described (Schuger et al., 1998; Yang et al., 1999). The
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45Figure 5. Recruitment and Histone Acetyla-
tion of SRF and PPARγ Promoters by TIP-1
and TIP-3 and the Role of their SANT Do-
mains
(A) In SM myoblasts that were subjected to
stretch to express only TIP-1, the chromatin
was sheared and immunoprecipitated with
anti-TIP-1/TIP-3 Ab (X-TIP-1/TIP-3) or anti-
acetylated histone H4 Ab (X-aceH4) (left, up-
per and middle panels, respectively). The co-
precipitated DNA shows the region (−311 to
−1) in the SRF promoter that confers SM
specificity (Belaguli et al., 1997) amplified by
PCR. Chromatin lysates of progenitor cells
expressing only TIP-3 were immunoprecipi-
tated using TIP-1/TIP-3-specific Ab or acet-
ylated histone H4 Ab. The region (−361 to
−73) in the PPARγ2 promoter that exhibits
adipocyte-specific activity (Zhu et al., 1995)
was amplified by PCR from DNA associated
with TIP-3 (right upper and middle panels).
Purified chromatin DNA before Ab precipita-
tion was used as a positive control (input
DNA) and immunoprecipitated samples with
preimmune serum for TIP-1/TIP-3 Ab and
IgG for all other antibodies were used as
negative controls (−).
(B) TIP-1 and TIP-3 immunoprecipitated from
stretched SM myoblasts (for TIP-1) and pro-
genitor cells (for TIP-3) with the use of anti-
TIP-1/TIP-3 Ab were assayed for their ability
to acetylate histone H4. Both TIP-1 and
TIP-3 immunoprecipitates were found to
have HAT activity. p300/CBP-associated fac-
tor (PCAF) served as a positive control as it
is a known histone acetyltransferase, and
Tris-buffered saline (TBS) was the negative
control. The overexpressed myc-tagged
TIP-1 and TIP-3 that were immunoprecipi-
tated using anti-myc Ab (X-myc) showed sig-
nificant HAT activity. The SANT mutants of
TIP-1 and TIP-3 immunoprecipitated using
X-myc showed no HAT activity. The insets in the graph represent immunoblots (using X-myc) that served as controls showing equal expression
of exogenous TIP-1 and TIP-3 (upper inset) and TIP-1SANT and TIP-3SANT mutants (lower inset). Error bars represent the standard devi-
ation.
(C) ChIP analysis of cells transfected with exogenous TIP-1 or TIP-3 showed that TIP-1 is targeted to the SRF promoter site and that TIP-3
is targeted to the PPARγ promoter site (upper panel of ChIP assay). Lower panel of ChIP assay showed that TIP-1SANT and TIP-3SANT
mutants failed to associate with the respective promoters. The immunoblot indicated that proteins of interest (that is, TIP-1SANT and TIP-
3SANT proteins) have been immunoprecipitated in the lower ChIP assays.cells were cultured for either 1 hr or 18 hr—the first time point
representing undifferentiated embryonic mesenchymal cells (also
referred to as progenitors) and the second, embryonic mesenchy-
mal cells undergoing spread-induced SM differentiation (SM myo-
blasts) (Schuger et al., 1998; Yang et al., 2000; Yang et al., 1999).
The mRNA from the two cultures was amplified with the SMART
cDNA synthesis kit (Clontech, Palo Alto, CA), and PCR-select
(Clontech) was then used for SSH. The subtracted cDNAs were
cloned into a pGEM-T vector (Promega Corp., Madison, WI) and
transformed into E. coli. Three hundred transformed colonies were
randomly selected for screening. Dot-blot hybridization was per-
formed with [32P]-labeled cDNA forward- and reverse-subtracted
cDNAs as probes. The reverse-subtracted probe was made by SSH
performed with the original tester cDNA as a driver and the driver
cDNA as a tester.
Cloning of Two Novel cDNAs Coding for TIP-1
and TIP-3 Isoforms
Total RNA isolated from SM myoblasts was used to synthesize
cDNA, using the SMART RACE cDNA amplification kit (Clontech)
according to the manufacturer’s instructions. RACE-PCR was per-formed with this cDNA as the template, using gene-specific prim-
ers designed according to a known EST sequence (AF192966). 3#
and 5# RACE products were amplified using 3# primer: GCATTCA
CTGCATTCTCAGGACCGA and 3# nested primer: GTGGGAAGACC
TGTAAACTGT; 5# primer: CCGGAAGTGATGTTAACAAGGGCCA and
5# nested primer: GTGTAATCCAGCCTCGCA. RACE fragments were
subcloned and sequenced. Double-stranded sequencing con-
firmed all of the sequences. The 3# untranslated region ended as a
putative poly A+ tail. The complete cDNAs isolated encoding 207
and 359 aa were designated as TIP-1 and TIP-3 (GenBank acces-
sion pending), respectively. A search in the BLAST database indi-
cated the existence of a third isoform, TIP-2 of 254 aa (BC004636).
Computer Analysis of DNA and Protein Sequences
The DNA and protein sequences were analyzed using BLASTN and
BLASTP analyses (Altschul et al., 1997) from the NCBI server
(www.ncbi.nlm.nih.gov) to find similar sequences in the nucleotide
and protein databases. The ProfileScan tool (www.isrec.isb-sib.ch)
and SMART (www.embl-heidelberg.com) were used to identify
characteristic motifs and patterns in the protein primary sequence
when searched in the Prosite and Pfam-A databases (www.ebi.
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46Figure 6. Role of the LXXLL Nuclear Recep-
tor Box in Adipogenic versus Myogenic Lin-
eage Determination
(A) ChIP assays showing that exogenous
TIP-1NRB and TIP-3NRB failed to recruit
transcription activation factors to SRF and
PPARγ promoters. The right panel represents
an immunoblot indicating that the proteins of
interest (that is, TIP-1NRB and TIP-3NRB
proteins) have been immunoprecipitated in
the ChIP assays.
(B) Scheme of the chimeric TIPs with
swapped extended LXXLL motifs (TIP-1/
3NRB and TIP-3/1NRB) used in (C) and (D).
The LXXLL NRBs of TIP-1 and TIP-3 are en-
closed by yellow boxes labeled NRB. Ellip-
ses represent the continuation of the pro-
teins. Asterisks represent the ends of the
proteins.
(C) ChIP assays showing that exogenous
TIP-1 harboring an extended TIP-3 NRB
(RLSRLLK, TIP-1/3NRB) directed progenitor
cell differentiation towards adipogenesis, as
indicated by the activation of PPARγ (left
panel). Middle panel shows that exogenous
TIP-3 harboring an extended TIP-1 NRB
(ILSLLLR, TIP-3/1NRB) failed to recruit tran-
scription activation factors to either SRF or
PPARγ promoters. Right panel shows an im-
munoblot indicating that the proteins of in-
terest TIP-1/3NRB and TIP-3/1NRB have
been immunoprecipitated in the ChIP assay.
(D) RT-PCR analysis showing that TIP-1/
3NRB transfection directs progenitor cells to
follow an adipogenic pathway (left panel)
and that TIP-3/1NRB induces neither myo-
genesis nor adipogenesis (right panel).ac.uk). Secondary structure predictions were carried out with the l
aPHD program (npsa-pbil.ibcp.fr). The protein sequences were
aligned with ClustalW.
P
Antibody Production c
Rabbit polyclonal Ab against the synthetic peptide DLEEYSKG a
PGKTEPFPGSN-OH was custom made by Zymed, Inc. (South San t
Francisco, CA). This peptide represents a specific C-terminal se- t
quence (aa 168 to 186 of TIP-1 isoform) common to both TIP-1 and t
TIP-3 isoforms. After production, the IgG Abs were HPLC-purified a
against the synthetic peptide. r
a
aStatic Cell Stretching
mA previously described device with a fitted distensible silastic
Tmembrane was used for these experiments (Yang et al., 2000). Un-
tdifferentiated mesenchymal cells isolated from E11 were plated on
sthe distensible membrane coated with 0.1% poly-L-lysine to main-
stain the round undifferentiated progenitors or with 0.01% poly-L-
Slysine to allow cell spreading/elongation (SM myoblasts) (Schuger
Tet al., 1998). Static axial-stretching forces were applied after cell
Tattachment was complete. The magnitude of stretching was repre-
tsented as the percentage of membrane distention from its original
3length to its length after stretching. For these studies we used 5%
mstretch. Progenitor cells and SM myoblasts treated with 10 g/ml
of cycloheximide were also stretched.
S
MCyclic Cell Stretching
This was done using a FX 4000 Flexcell machine at 5% stretching, w
t30 cycles per min (Chen et al., 1998). Undifferentiated mesenchy-
mal cells were isolated directly on the silastic membranes fitted to t
u0.1% poly-L-lysine-coated Bioflex culture plates. Control experi-
ments were performed using cells that were grown on poly-L- rysine-coated Bioflex culture plates under static conditions with no
pplied stretch.
lasmid Constructs
DNAs representing the entire coding region of mouse TIP-1, TIP-2,
nd TIP-3 isoforms were amplified, using modified primers, and
hen cloned into pcDNA3.1/Myc-His A, B, and C (+) expression vec-
or (Invitrogen Corp., Carlsbad, CA) and pEGFP-N1 expression vec-
or (Clontech). The recombinant proteins produced by TIP-1, TIP-2,
nd TIP-3- pcDNA 3.1 plasmid constructs were the full-length mu-
ine TIP-1, TIP-2, and TIP-3 isoforms with myc and his epitope tags
t the C terminus. The recombinant proteins produced by TIP-1-
nd TIP-3-pEGFP fusion plasmid constructs were the full-length
urine TIP-1 and TIP-3 isoforms with a GFP tag at the C terminus.
he orientation of the clones was determined by restriction diges-
ion, and their sequence was confirmed. Additional plasmid con-
tructs were produced by QuikChange II Site-Directed Mutagene-
is Kit (Stratagene, La Jolla, CA). In some constructs either the
ANT domain or the NRB was deleted to generate TIP-1SANT,
IP-3SANT, TIP-1NRB, and TIP-3NRB. In other constructs the
IP-1 and TIP-3 extended NRBs (ILSLLLR and RLRLLK, respec-
ively) were swapped, and the plasmids were referred to as TIP-1/
NRB and TIP-3/1NRB. The orientation of the clones was deter-
ined by restriction digestion, and the sequences were confirmed.
emiquantitative RT-PCR
esenchymal cell cultures were washed with PBS, and total RNA
as extracted with TRIzol (Invitrogen). RT-PCR was performed with
he GeneAmp RNA PCR kit (Perkin Elmer Applied Biosystems, Fos-
er City, CA), following the manufacturer’s instructions and methods
sed previously (Pan et al., 2002). All amplifications shown here
epresent the product of 29 cycles. The primers used in this study
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47were: TIP-1, sense: 5#-CAAGAATCGTAATTGGCTGT-3#, antisense:
5#-TGGAATGTTCCTCTAGTATTCG -3#; TIP-2, sense: 5#-CACCTTG
CAGAACATTCCAGGATC-3#, antisense: 5#-GTAGGCATGGTGGTAC
CTGCCTGT-3#; and TIP-3, sense: 5#-GACAGGATGCAAGCTGTT
GCCCA-3#, antisense: 5#-CAGAACATACGGCGGATTTCCCCTT-3#.
The primers for GAPDH and SM-specific markers were the same
as those previously utilized (Pan et al., 2002). The primers for
adipogenic marker genes (Hu et al., 1995) were: PPARγ2, sense:
5#-CCCTGATGAATAAAGATGGA-3#, antisense: 5#- GAGGTCTGTCA
TCTTCTGGA-3#; CCAAT/enhancer binding protein α (C/EBPα),
sense: 5#-AGGTGCTGGAGTTGACCAGT-3#, antisense: 5#-CAGCC
TAGAGATCCAGCGAC-3#; adipsin, sense: 5#-TCTATACCCGAGTGT
CATCC-3#, antisense: 5#-GATGGCTCAGTGGTTAAGAG-3#; and adi-
pocyte protein (aP-2), sense: 5#-TCTCCAGTGAAAACTTCGAT-3#,
antisense: 5#-GAAGTCACGCCTTTCATAAC-3#. The identity of TIP-1,
TIP-2, TIP-3, PPARγ, adipsin, aP-2, and C/EBPα amplicons was
confirmed by sequencing. Amplicons for SM markers had been
previously confirmed by sequencing (Pan et al., 2002).
Real-Time PCR
First strand cDNA synthesis for quantitative RT-PCR was per-
formed using SUPERSCRIPT First-Strand Synthesis System (Invit-
rogen). Total RNA (5 g) was converted into first-strand cDNA,
using oligo dT primers as described in the kit. cDNA was amplified
and detected with the Brilliant SYBR Green QPCR master mix ac-
cording to the manufacturer’s instruction manual. PCR primers
were the same as those used for semi-quantitative RT-PCR. The
real-time PCR was carried out in a BioRad iCycler (BioRad, Her-
cules, CA), and its software was used to calculate the cycle thresh-
old of each reaction.
Immunoprecipitation
Progenitor cells and SM myoblasts with and without stretch (in the
presence or absence of cycloheximide) were lysed in lysis buffer,
and the soluble supernatant was collected by centrifugation at
12,000 × g for 10 min at 4°C. The supernatant was precleared by
protein A-Sepharose beads and rabbit serum for 1 hr at 4°C and
centrifuged at 3000 × g for 5 min at 4°C. The samples were immu-
noprecipitated with anti-TIP-1/3 polyclonal Ab for 6 hr at 4°C and
incubated with protein A-Sepharose beads for 1 hr. The immune
complexes were resolved with 12% SDS-PAGE and detected by
rabbit anti-TIP-1/3 polyclonal Ab and chemiluminescence (Amer-
sham Life Sciences, Arlington Heights, IL). TIP-1SANT, TIP-
3SANT, TIP-1NRB, TIP-3NRB, TIP-1/3NRB, and TIP-3/1NRB
proteins from transfected progenitor cells were immunoprecipi-
tated using anti-myc (Invitrogen) and detected as described above.
Transfections
Recombinant TIP-1, TIP-2, TIP-3, TIP-1SANT, TIP-3SANT, TIP-
1NRB, TIP-3NRB, TIP-1/3NRB, and TIP-3/1NRB plasmid con-
structs and null vector (serving as control) were used for transfec-
tion studies. Progenitor cells were transfected 1 hr after attachment
was completed using lipofectamine plus reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. The fusion plasmid and
null vector were mixed with the lipofectamine reagent in a 1:3.5 w:v
proportion, and the cells were transfected for 3 hr and lysed 12 hr
after transfection. Approximately 60%–70% of the cells in our pri-
mary cultures were transfected, as indicated by immunohistochem-
istry using myc Ab (Invitrogen), previously described (Pan et al.,
2002).
RNA Interference
Two target sites within the tip1 gene were chosen from the mouse
TIP-1 mRNA sequence. Following selection, each target site was
searched with NCBI BLASTN to confirm specificity to TIP-1 alone
or to both TIP-1 and TIP-3. Two of the eight different siRNAs tested
were found effective for RNA silencing. These were designated
siRNA425 (TIP-1 and TIP-3) and siRNA792 (TIP-1), which targeted
nucleotides 425-445 and 673-693 of the mRNA sequence of the
mouse tip gene, respectively. Control siRNA duplexes (i.e., scram-
bled siRNA) and gene-specific siRNAs were prepared by a tran-
scription-based method using the Silencer siRNA construction kit
(Ambion, Austin, TX) according to manufacturer’s instructions. The29 bp sense and antisense DNA oligonucleotide templates (21 bp
specific to mRNA of the tip-1 gene and 8 bp specific to the T7
promoter primer sequence 5#-CCTGTCTC-3#) were synthesized
(Invitrogen). Progenitor cells were isolated from mouse E11 lungs
(Schuger et al., 1998) and cultured for 18 hr (SM myoblasts) in
normal MEM medium containing 10 nM of siRNA425, siRNA792, or
corresponding amounts of scrambled siRNAs. Exogenous delivery
of siRNAs to mesenchymal cells was carried out according to
the manufacturer’s instructions using the siPORT Amine Transfec-
tion Agent (Ambion). In some experiments SM myoblasts were
stretched to completely eliminate TIP-3.
Western Blot Analysis
Western blot analysis was performed on total cell lysates, and 25
g of protein was loaded per lane. Anti-myc Ab at 1:3000 dilution,
TIP-1/3-specific antibody at 1:1000 dilution, rabbit polyclonal Ab
against myocyte enhancer factor-2A (MEF2A), SRF, PPARγ, and
C/EBPα (Santa Cruz Technologies, Santa Cruz, CA) at a concentra-
tion of 1 g/ml were used for immunoblotting and detected with
horseradish peroxidase-conjugated secondary antibodies diluted
1:3000 (BioRad). The bands were visualized with chemilumines-
cence (Amersham).
Immunohistochemistry and Oil Red O Staining
Embryonic mesenchymal cells transfected with TIP-1-GFP and
TIP-3-GFP fusion plasmids were washed with PBS, formalin-fixed
for 10 min, and observed for fluorescence. The SM myoblasts were
cultured and fixed for 5 min in 100% ethanol, then immunostained
using anti-TIP-1/3 Ab (1:200) and detected with FITC–conjugated
secondary Ab diluted 1:3000 (Sigma-Aldrich, St. Louis, MO) for im-
munofluorescence. Following RNA interference studies, cells were
stained with oil red O to determine the degree of adipogenesis.
Cells were washed with PBS, fixed with 10% formalin for 15 min,
then stained with 0.5% oil red O in propylene glycol for 30 min at
37°C, washed with water, and air dried.
Histone Acetyltransferase (HAT) Assay
This assay was performed using a kit from Upstate Biotechnology
Inc. (Lake Placid, NY), according to the manufacturer’s instructions.
Briefly, 100 ng of protein (from cells containing either TIP-1 or TIP-3)
was immunoprecipitated with TIP-1/TIP-3-specific Ab. Similarly, 100
ng of protein from cells overexpressing TIP-1, TIP-3, TIP-1SANT,
or TIP-3SANT was immunoprecipitated with myc-specific anti-
body (to avoid immunoprecipitation of endogenous TIPs). The im-
munoprecipitates were mixed with 100 M acetyl-CoA and 1 × HAT
assay buffer. This mixture was incubated for 30 min on an enzyme-
linked immunosorbent assay plate precoated with either H3 or H4.
Acetylated histone was then detected using an anti-acetyl-lysine
rabbit pAb followed by the horseradish peroxidase-based colori-
metric assay at OD 450. 100 ng of recombinant PCAF (Upstate)
served as positive control.
ChIP Assays
Approximately 2 × 106 of progenitor cells (harboring TIP-3 only) or
the same number of SM myoblasts subjected to stretch (harboring
TIP-1 only) were plated on a 10 cm dish and used for each ChIP
assay. The same numbers of cells were used for ChIP analyses
when overexpressing SANT, NRB mutants of TIP-1 and TIP-3, or
swapped TIP-1/3NRB and TIP-3/1NRB. Cells were treated with 1%
formaldehyde for 10 min at 37°C to crosslink DNA with DNA binding
protein complexes. The ChIP assay was performed using a kit from
Upstate. Immunoprecipitation was carried out using TIP-1/3 rabbit
polyclonal Ab at 0.2 g/ml concentration, anti-acetyl-histone H4
Ab (Upstate), or anti-myc Ab at 0.5 g/ml concentration. Preim-
mune serum was used as a control for TIP-1/3-specific Ab and IgG,
as a control for other antibodies. The anti-myc Ab was used for
immunoprecipitation of chromatin bound to protein complexes
containing exogenous TIP-1, TIP-3, TIP-1SANT, TIP-3 SANT,
TIP-1NRB, TIP-3NRB, TIP-1/3NRB, and TIP-3/1NRB exclusively,
and not endogenous TIP proteins. An aliquot of chromatin DNA
prepared from the cells taken prior to immunoprecipitation was
considered as input/total DNA. Immunoprecipitated (− and + Ab)
and input DNAs were assayed by PCR. We used the primer pair
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485#-GCCACTGGTGTGTATTTTAC-3# (−361 to −342) and 5#-CAAAT H
tATTTGGGAGAGGTGGG-3# (−93 to −73) in the PPARγ2 gene pro-
moter region (Zhu et al., 1995) and 5#-CTCCCAGGCTTCCTTCCTC g
9TAGG-3# (−311 to −289) and 5#-AACCCTTCCCCCCCCCATA-3#
(−19 to −1) in the SRF gene promoter region, which is specific for K
SM (Belaguli et al., 1997). The estrogen response element (ERE) v
region in the pS2 gene was used as a negative control. Amplified r
PCR products were visualized on 2% agarose electrophoresis gels. 2
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Accession Numbers
The GenBank accession numbers for the TIP-1 and TIP-3 se-
quences reported in this paper are DQ093357 and DQ093358, re-
spectively.
